The tensor analyzing power T 20 for the reaction d " + 12 C ! 6 (0 )+X has been measured with a polarized deuteron beam from 6.2 to 9.0 GeV/c at a pion momentum of 3.0 GeV/c. This experiment is focused on "cumulatively produced pions", which are produced beyond the kinematically allowed limit for free nucleon-nucleon collisions. The measured values of T 20 turn out to be close to zero. They are in disagreement with the results of our impulse approximation calculation which is based on a single NN ! NN interaction and takes into account the internal motion of nucleons in the deuteron. Possible explanations of the result are discussed. 24.70.+s; 24.85.+p; 25.10.+s Keywords: Deuteron; Tensor analyzing power; Pion; Cumulative production To be published in Nucl. Phys. A.
Introduction
The study of the short-range internal structure of the deuteron is of importance in high energy nuclear physics. The deuteron structure at small distances (r 1 fm) is investigated through high energy reactions with the deuteron. In these reactions the quark degrees of freedom in nuclei may play a remarkable role. To analyze data of high energy reactions with the deuteron, it was suggested (see, e.g., Refs. [1] [2]) to take into account the contribution of the quark degrees of freedom to a high-momentum tail of the deuteron wave function (DWF). The manifestation of the non-nucleon degrees of freedom in the DWF could be observed through a deviation from the predictions obtained with conventional DWFs. One of the rst experimental signals of such a kind was the observation of a shoulder in the differential cross section d b for the deuteron breakup reaction [3] - [5] . The shoulder appearing from 0.3 to 0.4 GeV/c in the internal proton momentum seems dicult to be explained with conventional DWFs (for example, the Paris DWF). A number of theoretical studies were carried out [4] [6]- [10] to explain this phenomenon. Rather good agreement with the experiment was obtained in the approaches using hybrid DWFs, including a small amount of a six-quark component [4] [7]- [9] , and in the approach [10] taking the nal state interaction (FSI) into account.
To make further studies, additional experimental information is required. It can be obtained in measurements of spin observables in the range of high internal momenta in the deuteron using high energy polarized deuteron beams. In the experiments [5] [11]- [13] , the tensor analyzing power T 20 for deuteron breakup d + A ! p(0 ) + X was measured over the deuteron momentum range from 1.3 to 9.0 GeV/c. The impulse approximation calculations, using conventional DWFs, demonstrated a disagreement with the behaviour of T 20 at internal momenta higher than 0.3 GeV/c. The above-mentioned models which had successfully explained d b were less successful in the description of the T 20 -data. The experimental values of T 20 over a high internal momentum range obtained in ref. [13] favour the prediction [8] based on the QCD motivated approach assuming the presence of coloured quark clusters in the deuteron.
Another complementary reaction, in which the existence of the quark-degrees of freedom can play an important role, is a cumulative hadron production [14] . The cumulative hadron is an energetic hadron produced in the region beyond the kinematically allowed limit for a free nucleon-nucleon collision in the nuclear reaction A + B ! h + X, where A and B are nuclei and h is a produced hadron. A number of experiments have been performed to study the cumulative reactions [15] [16] , and many models have been proposed to explain the experimental data. Roughly speaking, the models can be divided into the following three groups: a) the models based on Fermi motion assuming a direct process [17] - [21] ; b) those taking account of an intermediate process, e.g., multiple scattering and internuclear cascade [22] - [30] , "gathering" models [31] [32]; c) those assuming high density nuclear matter, e.g., nucleon-nucleon correlations [33] - [37] , uctuons [38] - [41] , and re balls [42] - [44] .
The models based on Fermi motion are the simplest and the most conventional ones among the above models. J.Papp et al. [17] reproduced their data on the cross section for d+ 12 C ! 6 (2:5 )+X at 1.05 and 2.1GeV/nucleon using the Hulth en wave function for the deuteron. Besides, C.Perdrisat et al. [18] reported on the cross section for p+ 12 C ! 6 (155; 180 )+X at a proton energy of 0.7 GeV. These data are reproduced by taking account of the internal motion of nucleons in the carbon target. However, as A.Baldin et al. [45] pointed out, comparing the cross sections of the cumulative reactions d + Cu ! 0 (0 ) + X and p + Cu ! 0 (180 ) + X, Fermi motion in the deuteron can't explain the ratio of the cross sections. V.Burov et al. [46] also reported that the cross section of the cumulative pion production, p + 12 C ! (180 ) + X at a proton momentum of 8.4 GeV/c, was too large to be explained by Fermi motion. These examples show that the cross section data are insucient to draw a decisive conclusion concerning the suciency of the nucleon models of nuclei to explain the cumulative production mechanism.
Recently, the calculation based on the impulse approximation using the relativistic deuteron wave function(RDWF), has been carried out [20] . It reproduces the data on the cross section of the cumulative pion production by the proton at 9 GeV/c; p + d ! 6 (180 ) + X. The calculation also gives the tensor analyzing power T 20 for the same reaction with polarized deuterons. However, such a polarization measurement has not been performed so far. Another model based on the nuclear core hypothesis, also gives T 20 and suggests an oscillation eect [47] . To study the validity of the theoretical investigations, it is worth-while to make measurements of polarization observables.
In the present experiment, we have measured the tensor analyzing power T 20 for cumulative pion production, (1) The pions emitted in the forward direction with large momenta, were detected. They are regarded as projectile fragments. The target A-dependence of the cross section for the cumulative pion production from the deuteron takes the form A with ' 0:4 [16] [48] . This indicates that cumulative pions are produced in the peripheral part of the target nuclei. It means that the production mechanism reects the internal structure of the projectile deuteron rather than the target nuclei.
Experimental method and data analysis
The measurements of T 20 for reaction (1) in the cumulative region have been carried out at the JINR (Dubna) Synchrophasotron. The spill of the polarized deuteron beam produced by the POLARIS ion source [49] was 0.5 s in each acceleration cycle of 10 s. The sign of the deuteron tensor polarization changed in every other pulse at the ion source. The measurements were performed at six incident deuteron momenta; P d = 9.0, 8.6, 7.4, 7.0, 6.6, and 6.2 GeV/c. The beam position at the target point was monitored with a multiwire ionization chamber. The beam intensity was measured with another ionization chamber placed at 1 m upstream the target and was typically 1:5 2 10 9 deuterons/spill.
The beam polarization p 6 zz was determined at a deuteron momentum of 3 GeV/c by detecting dp elastic scattering at 0t = 0:15 (GeV/c) 2 with the two-arm beam line polarimeter ALPHA [50] before and after the run. The obtained polarizations were p + zz = 0:66 6 0:03(stat:) 6 0:03(syst:), p 0 zz = 00:77 6 0:03(stat:) 6 0:03(syst:) before the run and p + zz = 0:5960:05(stat:)60:02(syst:), p 0 zz = 00:6660:04(stat:)6 0:03(syst:) after the run. The systematic errors are due to the uncertainty of the analyzing power for dp elastic scattering. The absolute values of the polarization jp 6 zz j seem to have degraded a little during the run, in particular in the case of p 0 zz . A gradual deterioration of vacuum in the polarized deuteron source POLARIS [49] may give a monotonous degradation of the polarization. We used averaged values of the polarizations for the determination of T 20 , hp + zz i = 0:63 6 0:11; hp 0 zz i = 00:72 6 0:13:
The extracted deuteron beam was led to a carbon target located at a focal point of the extracted beam line of the Synchrophasotron. The thickness of the carbon target was either 50 g/cm 2 or 24 g/cm 2 . The particles produced in the carbon target in the forward direction were led to the nal focal point in front of the magnetic spectrometer SPHERE [51] through the secondary beam line about 100 m long, as shown in Fig.1 . The secondary beam line was set at P 2nd =3.0 GeV/c. The angular acceptance for the produced particles was estimated to be 1 = 4:2 2 10 05 sr by means of GEANT [52] simulation. The characteristics of the counters are summarized in Table 1 . A time of ight system (TOF), having two ight bases of 42 m and 74 m was used for pion identication. The system consists of a "start"-counter T6 and "stop"-counters T41, T42, and T5. Only the pion peak appeared in the TOF spectrum for negatively charged particles as shown in Fig.2(a) ; kaons decay during a 100 m ight. Stripped protons dominate over positively charged particles. To suppress protons, a Cerenkov counter with a silica aerogel radiator, having a refractive index of 1.033 was used. The signals of the Cerenkov counter, folded in the trigger logic, rejected 99% of the proton events. A typical TOF spectrum for positively charged particles with the proton rejection trigger is shown in Fig.2(b) . One can see that pions are clearly separated from protons. A TOF resolution of 0.3 ns was derived, and the momentum acceptance of the beam line was estimated to be 1.3% from the TOF distribution. The characteristics of the scintillation and Cerenkov counters are summarized in Table 1 .
A certain fraction of the pion peaks is due to muons from the pion decay. The muon admixture was estimated with the above-mentioned simulation. Assuming that the muons are produced from the pion decay along the beam line, it is no greater than 8%. In addition, the simulation has shown that most of the muons originate from the pions with the same momentum as that of the beam line. Hence, it was unnecessary to exclude the muons in the determination of T 20 for reaction (1) .
The conditions of the current measurements are listed in Table 2 . Some of the measurements were made at the same kinematic variables but with dierent triggers or target thicknesses. Then, after having conrmed a consistency in the values of T 20 obtained from dierent measurements at the same kinematic variables, we determined the value of T 20 using all the data available at the corresponding kinematic variable. The tensor analyzing power T 20 for reaction (1) 
where p 6 zz are the tensor polarizations of the deuteron and is the dierential cross section. Superscripts " + ", " 0 ", and "0" correspond to the spin states of positively aligned, negatively aligned, and unpolarized deuterons, respectively. In accordance with Eq.(2), the tensor analyzing power T 20 is given by 
where N + (N 0 ) is the pion yield for the deuterons having the tensor polarization p + zz (p 0 zz ).
Results
The experimental results of T 20 for pion production are shown in Fig.3 with the results of our calculation based on Fermi motion. The data are plotted against Feynman's x-like variable x 0 (see Appendix A) and the cumulative scaling variable x C (see Appendix B). These variables or their modied versions have been used in many references for the presentation of cumulative hadron production data. We dene the region, where x 0 and x C are larger than 1.0, as a cumulative region. The number of pions which do not originate from the carbon target was estimated to be less than 4% from the empty target run. These background pions were not taken into account in the evaluation of the systematic errors of T 20 .
As a demonstration of the reliability of the present measurements, T 20 for the deuteron breakup reaction d" + C ! p(0 ) + X was measured in the middle of the run time at an incident deuteron momentum of 4.5 GeV/c and a produced proton momentum of 3.0 GeV/c. The obtained T 20 = 00:82 6 0:15 demonstrates an agreement with the other data as shown in Fig.4 . The kinematic variables q and k mean the proton momentum in the deuteron rest frame and that in the light-cone frame [35] . The star shows the result of the present measurement. Other points are the experimental data from the references [5] , [11] , [12] , and [13] . 4. Discussion In order to reproduce the obtained values of T 20 , we have carried out a naive calculation based on Fermi motion in the following way. First, a phenomenological DWF was determined to reproduce the experimental data on the cross section and T 20 for the breakup reaction [4] [5] [11]- [13] as shown in Fig.5 . The deuteron breakup reaction was considered to be the most convenient one to extract the DWF assuming the impulse approximation because the experimental data are available over a wide range of internal momentum. The S and D wave components of the DWF are shown in Fig.6(a) . Those in the Paris DWF [54] are presented in Fig.6(b) for comparison. The single-nucleon momentum-space density of the deuteron on each magnetic substate was calculated from the phenomenological DWF. Second, the production rate of the pion is estimated assuming that the pion is produced by the direct process [25] , i.e., the production via only one step of nucleon-nucleon collision (NN ! NN). The production rates for NN ! NN were estimated on the basis of the cross section data pp ! pn + [55] assuming isospin conservation. The production rates for two pions (NN ! NN) were estimated to be one order of magnitude smaller than those for the single pion. The contribution of two-pion production was neglected in the present estimation.
The momentum distribution of a target nucleon in the carbon nucleus [56] was taken into account. Its contribution was found to be small. As a result, T 20 was nally obtained with the pion production rate for each magnetic substate of the deuteron and Eq.(3). A similar calculation was also performed by J.Papp et al. [17] , although they did not show T 20 explicitly. 5 Experimental data for the deuteron breakup reaction; (a) cross section [4] and (b) T 20 [5] [11]- [13] . These data were tted with the phenomenological DWF. The solid lines are the result of the t, which gives the reduced 2 to be 2.6. Our calculation gives negative values of T 20 in the cumulative region as shown in Fig.3 . Negative values of T 20 were also obtained by M.Tokarev [57] in the calculation based on Fermi motion derived from the RDWF assuming the direct process. His calculation is in good agreement with the experimental data on the cross sections. Regardless of the dierence in s (the calculation was performed at s = 38 GeV 2 , about two times higher than the ones in our experiment), his calculation can be considered to be comparable to our experimental data because of its weak dependence on s.
As shown in Fig.3 , the obtained values of T 20 are consistent with 0 and thus in agreement neither with our calculation nor with the calculation by M.Tokarev [57] . In the framework of the impulse approximation, T 20 for the deuteron breakup reaction is expressed [58] as
where v and w are the S and D-wave components in the DWF, respectively. Vanishing T 20 is simply explained by the disappearance of the D-wave component. This discussion is also applicable to the cumulative pion production. It seems dicult, therefore, to reproduce the vanishing of T 20 obtained in this experiment, remaining within the framework based on Fermi motion derived from the DWFs including the D-wave component.
The above discussion suggests the following possibilities concerning the characteristics of the cumulative pion production by the deuteron: 1) the D-wave contribution is insignicant if the cumulative pion is produced in collisions between nucleons with Fermi motion, 2) spin eects are strongly smeared owing to the nal state interaction, 3) the direct process between nucleons with Fermi motion does not contribute to the production, i.e., the other mechanisms, which can give a zero value for T 20 ; play a role. We note these possibilities do not exclude each other. Further theoretical investigations, taking account of not only the nucleon degrees of freedom but also the quark degrees of freedom, are required in order to reproduce the observed values of T 20 .
Conclusion
We have measured the tensor analyzing power T 20 for the reaction d" + 12 C ! 6 (0 ) + X at a deuteron momentum from 6.2 to 9.0 GeV/c at a xed pion momentum 3.0 GeV/c. The obtained values of T 20 are close to zero in the cumulative region. It seems dicult to reproduce them by taking account of only the direct process and the eect of Fermi motion derived from conventional DWFs. One can suppose that the D-wave component does not contribute to the cumulative pion production if one takes the models based on Fermi motion, or spin eects are smeared out owing to the nal state interactions, or some other mechanisms play a role.
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